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Summary 
Two Prunus rootstocks, the Myrobalan plum P 2175 and the interspecific peach-almond 
hybrid, Felinem, were studied to characterize their biochemical and molecular responses induced 
under iron deficient conditions. Plants of both genotypes were submitted to different treatments 
using a hydroponic system that permitted removal of Fe from the nutrient solution. Thus, Control 
plants were grown in 90μM Fe (III)-EDTA, Deficient plants were grown in an iron free solution, 
and plants submitted to an Inductor treatment were resupplied with 180 μM Fe (III)-EDTA 
during 1 and 2 days after a period of 4 or 15 days of growth on an iron-free solution. Felinem 
increased the activity of the iron chelate reductase (FC-R) in the Inductor treatment after 4 days 
of iron deprivation. In contrast, P 2175, did not show any response after at least 15 days without 
iron. The induction of the FC-R activity in this genotype was coincident in time with the medium 
acidification. These results suggested two different mechanisms of iron chlorosis tolerance in 
both Strategy I genotypes. Thus, Felinem would use the iron reduction as the main mechanism to 
capture the iron from the soil, meantime in P 2175 the mechanism of response would be slower 
and start with the acidification of the medium synchronized with the gradual loss of chlorophyll 
in leaves. In order to understand the control of these responses at the molecular level, the 
differential expression of PFRO2, PIRT1 and PAHA2 genes involved in the reductase activity, 
the iron transport in roots, and the proton release, respectively, were analyzed. The expression of 
these genes, estimated by quantitative real-time PCR, was different between genotypes and 
among treatments. Results were in agreement with the physiological responses observed, and are 
discussed through the paper. 
Keywords: ferric chelate reductase, iron chlorosis, proton extrusion, qRT-PCR
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Introduction 
Iron chlorosis is a common nutritional disorder affecting a wide range of crops growing in 
calcareous soils where the iron is present predominantly in an insoluble form that can not be 
assimilated by the plant. The main symptom of iron chlorosis is the interveinal yellowing of 
younger leaves as a result of inhibition in the chlorophyll synthesis, which reduces the 
photosynthetic rate and subsequent growth of the plant (Marsh et al., 1963). Cultivated plants differ 
widely in their susceptibility to Fe deficiency in calcareous soils. 
Among others, the iron chlorosis has a strong incidence in fruit crops of high economic 
importance since a significant part of the fruit tree industry in Europe and especially in the 
Mediterranean area is located on calcareous or alkaline soils. The occurrence of this nutritional 
disorder in crops like peach, pear, quince and kiwifruit affect fruit quality being responsible of 
enormous economic losses (Tagliavini and Rombola, 2001). The use of tolerant Fe-efficient 
rootstocks represents the best alternative to prevent iron chlorosis in these species (Tagliavini and 
Rombolà, 2001; Gogorcena et al., 2004; Jiménez et al., 2008). Nowadays, breeding programs for 
Prunus rootstocks have been directed to generate complex hybrids, with the maximum of desirable 
traits, to overcome soil and disease problems. For that reason, some interspecific hybrids were 
produced to generate high-performance rootstocks for Mediterranean environments by combination 
of their complementary traits (Dirlewanger et al., 2004; Felipe, 2009). 
It is well known that efficient plants submitted to iron shortage conditions develop specific 
mechanisms in order to mitigate the lack of this essential nutrient. Thus, Strategy I plants (dicots 
and non-gramineous monocots) respond to iron deprivation with both morphological and 
physiological changes (Römheld, 1987). Morphological modifications include the development of 
lateral roots, formation of root hairs and differentiation of specialized transfer cells. These changes 
are oriented to increase the surface area between the plant and the soil and consequently, roots 
become more effective for Fe uptake (Gogorcena et al., 2001). Moreover, Strategy I plants have 
developed physiological changes such as the increase of the iron reductase capacity and the proton 
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extrusion in the rhizosphere region (for review, see Schmidt, 1999). Under iron starvation 
conditions, the modification in the expression of genes involved in iron uptake and transport also 
occurs (Mukherjee et al., 2006; Buckhout et al., 2009; Ding et al., 2009; Santi and Schmidt, 2009). 
Some of the genes coding for components of the Strategy I iron acquisition response, as ferric 
chelate reductase (FC-R) and the iron transporters, have been identified in species such as 
Arabidopsis thaliana, cucumber (Cucumis sativus), Medicago truncatula, pea (Pisum sativum), 
tomato (Solanum lycopersicum) and peanut (Arachis hypogaea) (Eide et al., 1996; Robinson et al., 
1999; Eckhardt et al., 2001; Vert et al., 2002; Waters et al., 2002; Li et al., 2004; López-Millán et 
al., 2004; Waters et al., 2007; Ding et al., 2009). Genes coding for H+-ATPases have been described 
in species as cucumber and Arabidopsis (Santi et al., 2005; Santi and Schmidt, 2009). The 
adaptative mechanisms developed in plants to overcome the iron deficiency are mainly regulated at 
the transcriptional level (Buckhout et al., 2009). However, the molecular mechanisms underlying 
the Fe stress-induced responses are still not well characterized in plants. It is obvious than the 
breeding approach, to overcome this abiotic stress, would be more efficient if genetic components, 
controlling iron acquisition, transport and storage, were better known.  
Many studies have indicated that similarly to herbaceous dicots, some Prunus genotypes are able 83 
to improve iron acquisition through adaptation mechanisms. Thus, several species of the Prunus 84 
genus increases the FC-R activity in conditions of iron depletion and/or induce the proton extrusion 85 
to improve the efficiency in iron uptake (Romera et al., 1991; Cinelli and Viti, 1995; Gogorcena et 86 
al., 2004; Molassiotis et al., 2006; Jiménez et al., 2008).  87 
For that reason, the main objectives of the present work are to characterize the physiological 88 
responses under iron starvation of two Prunus genotypes used as parents in breeding programs and 89 
to analyze the differential expression of genes under iron deficiency conditions in order to use them 90 
as a tool to accelerate the breeding process of iron chlorosis tolerant genotypes selection. 91 
 92 
Material and Methods 93 
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94 Plant material and growth conditions 
Two Prunus rootstocks, the Myrobalan plum (Prunus cerasifera Ehrh) clone P 2175 and the 95 
almond-peach hybrid (P. amygdalus Batsch x P. persica L. Bastch) clone GxN 22 (Felinem), were 96 
studied. These genotypes were selected for their good performance to the Mediterranean growing 97 
conditions (Felipe, 2009) and their use in an European breeding program as  parents of a F1 98 
population (Dirlewanger et al., 2004). Plants from Felinem and P 2175 were propagated in vitro in 99 
Agromillora Catalana S.A. (Subirats, Barcelona, Spain) and in the Centro de Investigación 100 
Agroalimentaria de Aragón, CITA (Zaragoza, Spain), respectively. 101 
Two week old propagated plants from both genotypes were grown in hydroponic culture as it 102 
was described by Jiménez et al. (2008). Plants were cultivated in a growth chamber under 103 
controlled environmental conditions with a 16/8 h photoperiod at 220 µmol m-2 s-1 at 22/20ºC with 104 
the relative humidity maintained at 70% to 75%.  105 
Ten plants per genotype and treatment were submitted to different conditions to understand their 106 
response under lack of iron: Control (90 μM Fe (III)-EDTA), Deficient (plants were grown in an 107 
iron free solution), and Inductor (plants growing in the absence of iron during 4 or 15 days were 108 
resupplied with 180 μM Fe (III)-EDTA during 1 and 2 days, respectively). Each experiment was 109 
repeated twice for both genotypes. The chlorophyll concentration was estimated measuring the third 110 
and fourth expanded leaves for each treatment using a SPAD-502 meter (Minolta Co., Osaka, 111 
Japan).  112 
The pH of the nutrient solution was checked daily with a pHmeter (827 pHlab. Methrohm). In 113 
the experiment to follow the evolution of the pH in the nutrient solution, this solution was not 114 
changed throughout the experiment. Nutrients were provided refilling the containers with fresh 115 
nutrient solution at least once a week depending on the plants needs.   116 
117 
118 
119 
Iron reductase activity measurements 
The ferric chelate reductase (FC-R) activity was monitored in both genotypes in vivo in the 
whole root system following the protocol adapted to the Prunus genus by Gogorcena et al. (2000). 
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FC-R activity was measured in plants submitted to Control and Deficient treatments for five and six 
days, and in plants resupplied 1 and 2 days with 180 μM Fe (III)-EDTA after 4 days of iron 
shortage.  
The FC-R activity was also measured in 2 cm excised root tips including the subapical root area 
from plants of Felinem and P 2175 growing in Control and Deficient treatments during 16 or 17 
days of iron depletion and in roots of plants submitted to the Inductor treatment growing 15 days 
without iron and resupplied during 1 and 2 days with 180 μM Fe (III)-EDTA.  
The visualization and localization of the FC-R activity in roots of Felinem and P 2175 was also 
carried out in Petri dishes according to the method previously described by Gogorcena et al. (2000). 
All the analyses were also carried out in the absence of plants or root tips to correct for non-
enzymatic Fe reduction. 
Proton extrusion 
For the proton extrusion detection, root tips of both genotypes, Felinem and P 2175, were 
incubated in Petri dishes using bromocresol purple as pH indicator as it was described by 
Gogorcena et al. (2000). Excised root tips from Control and Deficient plants growing without iron 
for 16 days, and plants from the Inductor treatment resupplied 1 day with 180 μM Fe (III)-EDTA 
after 15 days of depletion, were placed in the Petri dishes and incubated for 60 minutes.  
RNA isolation 
Total RNA from excised roots tips of plants growing hydroponically under the treatments above 
described was isolated following the protocol described by Chang et al. (1993). RNA was treated 
with RNasin ® Plus RNase Inhibitor (Promega Corporation, USA) to remove residual genomic 
DNA, and it was cleaned up with the RNeasy Mini kit (QIAGEN Group, USA). 
Complementary DNA was prepared from 1 µg of total purified RNA with SuperScriptTM II 
Reverse Transcriptase (Invitrogen Corporation, USA) according to the manufacturer’s instructions. 
cDNA was diluted 1:100 for real-time PCR reactions. 
Primer design and real-time PCR 
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Sequences published in the NCBI (http://www.ncbi.nlm.nih.gov/page) of the FRO2 and IRT1 
genes from Arabidopsis, cucumber, Medicago truncatula, pea and tomato (Eide et al., 1996; 
Robinson et al., 1999; Eckhardt et al., 2001; Vert et al., 2002; Waters et al., 2002; Li et al., 2004; 
López-Millán et al., 2004; Waters et al., 2007) and sequences of the AHA2 gene from Arabidopsis 
and cucumber (Santi et al., 2005; Santi and Schmidt, 2009) were selected for the in silico search of 
sequences related with the iron metabolism in Prunus. Sequence alignment analysis was performed 
with CAP (http://bioinfo.hku.hk/services/analyseq/cgi-bin/cap_in.pl) and ClustalW2 
(http://www.ebi.ac.uk/Tools/clustalw2/index.html) to identify the homologous regions among the 
selected sequences. These regions were used to perform BLAST searches against the Prunus EST 
database. Sequences with the largest identity were chosen to design degenerate primers for the 
conserved sites using Primer3 software (Rozen and Skaletsky, 2000). Several primers pairs were 
designed for each region with large identity. Finally, the following primers were chosen for their 
differential expression among genotypes: PFRO2-fw (5’-CACGTTTCAACACCAAGGCA-3’), 
PFRO2- rev (5’-TCAAACTCACCTCCGCATCT-3’), PIRT1-fw (5’-
TGCATTGCTCAGGCAGGATT-3’), PIRT1-rev (5’-AGCCCTCCAAGATTAGGGCATT-3´), 
PAHA2-fw (5’-GATTGAGAAGGCTGATGGCTTTGCTG-3’), PAHA2-rev (5’-
TCGTTAACACCATCTCCGGTCATTCC-3’) with a temperature of annealing (TA) of 56ºC for 
PFRO2 and 60ºC for PIRT1 and PAHA2. The single PCR product length for these three primers 
pairs were 101, 89 and 120 bp, respectively. 
 
The PCR mixture contained 2 µl of diluted cDNA (corresponding to 1 ng of starting amount of 
RNA), 10 µl of Quantimix SYBR Green PCR Master Mix (Biotools Laboratories) and 200 nM of 
each primer in a final volume of 20 µl. 
The real-time PCR was performed by the iCycler iQ Real-Time PCR Detection System (Bio-Rad 
Laboratories). The results were analyzed using the iCycler iQ Optical System Software (version 
3.0a). The efficiency of the amplification was assessed relative to the standard curve method using 
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series of 10-fold dilutions of cDNA from roots submitted to the Control treatment. Expression 
levels were calculated relative to the values obtained by geNorm v.3.5 (Vandesompele et al., 2002) 
using one of the three housekeeping genes (Actin1, Actin 2/7 and Ubiquitin 1) studied. The 
experiment was carried out from a bulk of samples submitted to the different treatments from at 
least five different biological replicates and three technical replications. Gene expression data were 
evaluated by Student’s t test with the program SPSS 17.0 (SPSS, Inc, Chicago USA). The 
normalized values were compared every day with the corresponding Control treatment. For each 
gene, the expression level for the Control treatment was set to 1. 
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Iron deprivation affected the Felinem and P 2175 plants inducing physiological changes and 
differential expression of genes involved in iron homeostasis. However, except for the loss of 
pigmentation produced along the experiments, the external appearance of the plants was not 
affected by the lack of this micronutrient (data not shown). The root did not show an increase of 
lateral roots and/or root hairs, and in the aerial system, the shoot growth was similar between plants 
submitted to Control and Deficient treatments. 
I. Physiological response 
In plants of Felinem and P 2175 submitted to iron deprivation, diverse physiological changes 
were observed. Firstly, in both genotypes the leaf chlorophyll concentration, measured as SPAD 
readings, decreased gradually throughout the experiment (Fig. 1). SPAD values for Felinem, with 
red leaves, were always higher than values obtained for P 2175 with green leaves. The SPAD values 
decreased over the time reaching values associated with severe chlorosis symptoms (SPAD readings 
below 10) after 10 and 16 days of iron deprivation for P 2175 and Felinem, respectively (Fig. 1). 
Plants from both genotypes submitted to the Control treatment increased their SPAD readings to 
values close 40 the 17th day.  
Figure 1 
Figure 2 
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At the same time, the pH of the nutrient solution for each genotype was monitored. The pH of 
the Control nutrient solution increased gradually in both Felinem and P 2175 plants, while the 
values obtained in the iron free nutrient solution showed different pattern between genotypes from 
the sixth day of iron shortage. The pH of the nutrient solution for Felinem in both treatments, 
Control and Deficient, was similar over time, increasing gradually to reach values close to 7.0 at the 
17th day of iron depletion (Fig. 2A). On the contrary, the pH of the iron-free nutrient solution for P 
2175 remained constant from the sixth to the ninth day, and then, the pH started to decrease 
dropping down to values near 4.0 at the end of the experiment (Fig. 2B). The sharp decrease in pH 
values was coincident in time with the apparition of severe chlorosis symptoms observed in leaves 
after nine days of iron shortage (Fig. 1). After 15 days of iron removal from the nutrient solution, 
the proton extrusion was also detected in the subapical zone of the roots from P 2175 deficient 
plants. The proton extrusion was observed in Petri dishes when media turned to yellow due to the 
pH decrease as indicated by bromocresol purple (Fig. 2B). 
The FC-R activity was measured in roots of intact plants submitted to different iron supply 
treatments. Felinem plants growing without iron for five days had lower FC-R activity than Control 
plants. After four days of iron deprivation and resupply with 180 µM Fe (III)-EDTA, the FC-R 
activity was induced 4-fold in Felinem after 1 and 2 days of the iron addition (Fig. 3A). In contrast, 
no induction of the FC-R activity was found in roots of intact P 2175 plants in any of these 
conditions. For that reason, the FC-R activity was later measured in excised roots of plants 
submitted to longer periods of iron starvation. The use of root tips allowed the analysis of the active 
parts giving more accurate information. Surprisingly, root of P 2175 plants submitted to iron 
deprivation for at least 15 days showed induction of the FC-R activity 4-fold higher than Control 
plants. Moreover, the induction of the ferric chelate reductase activity decreased after one and two 
days of adding 180 μM Fe (III)-EDTA (Fig. 3B). Also, it was possible to localize the FC-R activity 
at the subapical zone of the root tip of plants submitted to 15 days of iron absence, by the reddish 
coloration of the media surrounding this area due to the iron reduction (data not shown).  
Figure 3
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II. Gene expression 
The expression of three genes related with iron metabolism in roots, PFRO2, PIRT1 and PAHA2 
was analyzed in the two Prunus genotypes submitted to different iron treatments. In the experiment 
time course, differences in the gene expression were observed. First, the expression of these genes 
was analyzed in roots of plants submitted to iron deficiency for short periods of time (four, five and 
six days of iron deprivation) and the corresponding resupply with 180 μM Fe (III)-EDTA at one and 
two days.  
The expression of two of the three analyzed genes, PFRO2 and PIRT1, in the Felinem genotype 
increased under iron deprivation conditions (Fig. 4A and B) although the level of expression was 
higher in the PIRT1 gene. After five days of iron depletion, the expression of PFRO2 in the roots of 
Felinem plants was 12-fold induced in deficient plants. In this genotype, roots of plants resupplied 
with iron after four days of deficiency showed a 5-fold induction after 24 hours compared with the 
expression for control plants with a continuous iron input (Fig. 4A). Furthermore, the expression of 
the iron transporter was rapidly induced in this genotype after iron starvation. The expression was 
100-fold higher in deficient plants after four and five days without this micronutrient in the nutrient 
solution. The expression of this iron transporter gene was also stimulated in plants resupplied with 
iron after a short period of lack of iron (Fig. 4B). The expression of the gene encoded for the 
membrane ATPase, PAHA2, was only significantly induced after four days of deficiency in Felinem 
(Fig. 4C). The expression of these genes in plants submitted to lack of iron for longer periods of 
time showed not significant differences among treatments.   
Figure 4 
We did not found any significant differential gene expression in PFRO2, PIRT1 and PAHA2 for 
the P 2175 genotype submitted to 4, 5 and 6 days of iron deprivation in any of the treatments. The 
expression of these genes in roots of plants submitted to longer periods of iron shortage (15, 16 and 
17 days of iron deprivation), and later resupplied with 180 μM Fe (III)-EDTA during one and two 
days was studied. In these new conditions, the expression of PFRO2 in the P 2175 genotype did not 
show any significant differences through the experiment in any treatment (Fig. 5A). However, the 
Figure 5 
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expression of the gene encoded for the iron transporter (PIRT1) was highly induced in roots of 
Deficient plants after 16 (12-fold) and 17 days (9-fold) of iron suppression (Fig. 5B). The 
expression of this gene was also induced (12-fold) in the roots of plants submitted to the Inductor 
treatment at one and two days of iron resupply (Fig. 5B). Moreover, significant differences with a 
2-3 fold induction in the expression of PAHA2 in P 2175 roots were observed in plants submitted to 
iron deprivation after 16 and 17 days of treatment (Fig. 5C). 
 
Discussion 
Physiological performance of the rootstocks under iron deficiency conditions 
Results showed that both genotypes were iron efficient species able to activate several 
mechanisms of response to deal with iron shortage. However, in contrast with other species, except 
for the visual symptoms of Fe deficiency (leaf chlorosis), morphological changes to increase the 
uptake surface in roots were not found in these two Prunus rootstocks under our experimental 
conditions. The absence of apparent morphological changes was previously reported in Prunus 
plants (Romera et al., 1991; Gogorcena et al., 2000) and other woody plants such as Quercus suber 
(Gogorcena et al., 2001).  
It is noteworthy the different physiological responses activated in both genotypes under iron 
deficient conditions. The FC-R activity in Felinem increased in roots of plants submitted to the 
Inductor treatment, after only 4 days of iron depletion and resupply with iron for one and two days, 
in agreement with results obtained in similar experimental conditions by Jiménez et al. (2008). 
According with these authors, Felinem could be classified as tolerant to iron chlorosis The 
performance of Felinem, under field growing conditions, confirmed its tolerance, probably due to 
the influence of almond pedigree in its genotype (Felipe, 2009).  
On the other hand, the performance of P 2175 under controlled iron deficient conditions was still 
unknown, even though plum rootstocks have been previously described in general as tolerant to this 
nutritional disorder in the field (Socias i Company et al., 1995). The response found in the  P 2175 
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genotype under iron deficiency was  atypical either for the FC-R activity or the proton release never 
detected before in our hydroponic conditions. However, the rhizosphere acidification, as a part of 
the response mechanism for the Strategy I plants against lack of iron, has been reported in other 
plum genotypes under different growing conditions (Romera et al., 1991), and in other woody 
plants as pear (Donnini et al., 2009), peach-almond hybrids (Molassiotis et al., 2006), cork oak 
(Gogorcena et al., 2001), grapevine (Jiménez et al., 2007) as well as in herbaceous species (López-
Millán et al., 2001; Santi et al., 2005). 
It is possible that the mechanisms resulting from the total iron deficiency in controlled 
conditions may differ from that resulting from the natural field conditions. But, due to the difficulty 
of reproduce exactly the calcareous soil conditions with roots of woody species, the method based 
on the induction of ferric chelate reduction capacity in deficient peach rootstocks was established as 
one of the best to evaluate chlorosis tolerance in Prunus species grown under hydroponic conditions 
(Gogorcena et al., 2004; Molassiotis et al., 2006; Jiménez et al., 2008). It has been previously 
reported that the measurement of the enzyme FC-R activity provides a better screening ability than 
H+ ion release (Gogorcena et al., 2004; Jiménez et al., 2008). However, the results obtained in this 
work have suggested the importance of checking both responses due to the activation of different 
mechanisms under iron shortage conditions depending on the genotype. Thus, Felinem would use 
the iron reduction as the main mechanism to capture the iron from the soil while in P 2175 the 
mechanism of response would start with the acidification of the medium synchronized with the loss 
of chlorophyll in leaves as a signal of iron deficiency. The association between the induction of the 
FC-R activity and the increase of H+ extrusion, as a mechanism of regulation, was reported in the 
peach-almond GF 677 rootstock submitted to iron deprivation (Molassiotis et al., 2006). Probably, 
in the plum P 2175, the global iron status of the plant might be involve at the beginning of the 
response with a shoot to root signal activated by the loss of iron in the aerial part of the plant as 
previously described in other species such as Arabidopsis (Vert et al., 2003) and peas (Grusak and 
Perzeshgi, 1996). The iron status of the plant could be also associated to the root apoplasmic iron 
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that can be mobilized and translocated to the shoots (Longnecker and Welch, 1990). Thus, chlorosis 
symptoms occurrence could be related with the capacity of the genotypes to store iron at the root 
apoplasm and its re-mobilization to the upper plant parts. The Myrobalan P 2175 would be more 
efficient in the iron re-mobilization in response to a signal of the leaves when the chlorosis become 
severe. The importance for the iron uptake regulation of the shoot-to root communication in higher 
plants was already described by several authors (Grusak and Pezeshgi, 1996; Schmidt et al., 1996).  
Differential gene expression of PFRO2, PIRT1 and PAHA2 under iron deficiency conditions 
The identification of the genes involved in the physiological responses would imply the better 
understanding of the iron chlorosis tolerance regulation. Our results showed different expression in 
the three studied genes in both Prunus genotypes. The induction of the PFRO2 expression, after 5 
days in roots of Felinem, in response to lack of iron has been already reported in other plant species 
growing in a range between 3 to 12 days without iron in the nutrient solution (Robinson et al., 1999; 
Waters et al., 2002; Connolly et al., 2003; Vert et al., 2003; Ding et al., 2009). The decrease 
observed in the PFRO2 gene expression after transferring the plants to iron sufficient conditions 
was also described in peanut one day resupplied plants after 7 days without iron (Ding et al., 2009). 
The PFRO2 gene expression in P 2175 did not show any significant differences along the 
experiment probably due to the time period not long enough to detect changes in its expression. 
Once the iron is reduced, the transport into the plant is the next step, and IRT1 is the gene 
responsible for iron uptake in roots (Vert et al., 2001; 2002). The expression of the PIRT1 gene in 
Felinem was strong and early on the time course of the experiment suggesting a short-term response 
to lack of iron. The mechanism of response was rapidly activated in absence of iron. The rapid 
stimulation of IRT1 gene expression in response to Fe shortage was already reported in Arabidopsis 
plants by Buckhout et al. (2009). Furthermore, the expression of PIRT1 in Felinem roots decreased 
when the plants were transferred to iron sufficient nutrient solution, probably to avoid the 
accumulation of this metal in toxic levels (Connolly et al., 2002) and imbalances in ion distribution 
(Buckhout et al., 2009). 
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The induction of the PIRT1 gene expression in the roots of P 2175 submitted to iron deprivation 
at least for 16 days was coincident in time with the detection of the main physiological mechanisms 
of response. The level of expression was considerably lower when compared with the Felinem 
genotype. Furthermore, the PIRT1 gene expression remained constant under resupply conditions. 
This slower response could be explained by a better adaptation of P 2175 to Fe-deficient conditions. 
The differences in the level of expression could be due to dual control of the transporter gene 
regulated by both systemic and local signals (Vert et al., 2003), suggesting in the case of P 2175 a 
long-term response based on the whole plant iron status. On the other hand, the rapid response to Fe 
shortage in Felinem plants could be due to a short term response to local lack of iron. However, it is 
unclear how the Fe status of the plant is perceived and which cellular components would be 
involved in signal perception (Buckhout et al., 2009). In this work, it has been studied only one 
transporter gene. Nevertheless, other genes could be taking part of the process as the homologous 
IRT2 probably involved in the toxicity prevention by compartmentalization of iron (Vert et al., 
2001) and in the remobilization of this nutrient into the plant (Vert et al., 2009). 
Coordinate regulation of PFRO2 and PIRT1 genes expression was observed in Felinem roots 
when they were submitted to few days without iron. This co-regulation between these two genes 
was already reported (Connolly et al., 2003; Vert et al., 2003). Early expression of these genes was 
also observed in roots of Arabidopsis plants submitted to 7 days of iron deficiency. In those 
conditions, the most rapidly responding transcript encoded the iron uptake transporter and the 
number of transcripts detected was disproportionally high (Buckhout et al., 2009). The results 
reported by these authors agreed with the results obtained in both Prunus genotypes despite the 
different time of the response activation. The highest expression level of PIRT1 compared with 
PFRO2 in both genotypes supported the idea of iron reductase as the rate limiting step in iron 
uptake (Grusak et al., 1990). Nevertheless, PIRT1 could be also involved in other divalent cation 
transport, when the availability of Fe in the media is low (Buckhout et al., 2009). Furthermore, the 
expression of PIRT1 was rapidly reduced after addition of iron to the media and the recovery of 
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sufficient iron levels, probably to avoid accumulation of iron at toxic levels (Connolly et al., 2002) 
as found in Felinem. 
Finally, the expression analysis of the gene PAHA2 was not significantly induced in our 
experimental conditions. The plasma membrane ATPase plays a major role in plant physiology 
process providing the energy to activate the ion and metabolite transport (Palmgren, 2001). Some of 
the AHA genes encoded for ATPases have been described as Fe-regulated (Santi et al., 2005; 
Waters et al., 2007; Santi and Schmidt, 2009). Until now, acidification as a response to iron 
deficiency was not detected in our hydroponic working conditions (Gogorcena et al., 2004; Jiménez 
e al., 2008) probably due to the short time of the experiment length to find this response when plum 
based rootstocks were used. So, when plants of the plum rootstock P 2175 were maintained 15 days 
under iron deficiency, enough time to develop severe chlorosis symptoms, the response mechanisms 
were activated. Thus, the expression of PAHA2 in P 2175 after 16 days of treatment slightly 
increased in Fe-Deficient plants and it was inhibited by resupply. The highest expression of PAHA2 
gene in these conditions coincided with the lower pH values, probably due to the proton extrusion 
as a mechanism to improve the iron acquisition as it was reported in cucumber (Santi et al., 2005; 
Santi and Schmidt, 2009). On the other hand, just like Felinem, in other Strategy I species the 
acidification of the rhizosphere do not occur or occur only in a lower degree as in soybean, 
supporting the idea that every plant species can modulate the activation of biochemical mechanisms 
related to specific environmental conditions or according to their intrinsic characteristics (Zocchi et 
al., 2007). 
However, the PAHA2 expression levels in P 2175 Fe-Deficient roots were lower than the 
expected ones, which could be explained by the existence of different isoforms of this gene 
differently regulated under iron shortage conditions, and it could be highly related with the proton 
extrusion to the media as described in Arabidopsis (Santi and Schmidt, 2009). 
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In summary, this paper include the physiological performance of two Prunus genotypes, used as 
progenitors in breeding programs, grown under iron deficient conditions. The two genotypes 
showed tolerance to iron chlorosis but the mechanisms used to overcome the lack of this essential 
element were different. The genes involved in iron metabolism were differentially expressed, and at 
different time course in both genotypes, and were in agreement with the biochemical response 
observed. The almond-peach hybrid, Felinem, activated the expression of the ferric chelate 
reductase and the iron transporter genes. A local signal of lack of iron seems to induce a quick 
response of the transporter and later on the FC-R gene. The response to iron absence of the 
Myrobolan plum, P 2175, was delayed compared with Felinem suggesting than the gene expression 
could be induced by a longer distant signal based on the iron status and remobilization of the entire 
plant. 
The identification of genes differentially expressed in Prunus rootstocks under iron deprivation 
would represent an excellent advantage in the knowledge of tolerance to iron chlorosis in fruit trees. 
The use of these genes to develop molecular markers associated with the iron chlorosis tolerance 
could be applied as a selection tool in breeding programs. However, further studies should be done 
to completely understand the mechanism of response activated under iron limited conditions in 
rootstocks from the Prunus genus.  
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Fig. 1: Time course of leaf SPAD values of the two Prunus rootstocks, Felinem and P 2175, 
submitted to 17 days of iron shortage. Dashed line point out the day where the chlorosis symptoms 
started to be severe. Data were evaluated with the software SPSS 17.0 (SPSS, Inc, Chicago USA). 
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Fig. 2: Time course of nutrient solution pH plants grown under control (●) and deficient (○) 
conditions in (A) Felinem and (B) P 2175 genotypes. Acidification of the medium was observed in 
the yellow area of the subapical zone in deficient roots of P 2175. Dashed line point out the day 
where the chlorosis symptoms started to be severe. 
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Fig. 3: Ferric chelate reductase activity (nmol Fe2+ min-1 g-1 FW) of (A) intact roots of Felinem 
submitted to three treatments: [+Fe] (plants growing under control conditions in 90 μM Fe(III)-
EDTA); Deficient [-Fe] (plants growing 5 days in absence of iron); and Inductor (plants growing in 
iron absence for 4 days and resupplied with 180 μM Fe (III)-EDTA during 1 and 2 days), [180 1d] 
and [180 2d], and (B) excised roots of P 2175 plants submitted to the treatments: [+Fe] (plants 
growing under control conditions in 90 μM Fe(III)-EDTA); Deficient [-Fe] (plants growing 16 days 
in absence of iron); and Inductor (plants growing in iron absence for 15 days and resupplied with 
180 μM Fe (III)-EDTA during 1 and 2 days), [180 1d] and [180 2d]. Values are means of three 
independent experiments. Statistical Student´s t test revealed significant differences at p≤0.05 (*) 
and p≤0.01 (**) compared with control. The statistical analysis were performed using SPSS 17.0 
(SPSS, Inc, Chicago USA). 
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Fig. 4: Time course of the relative expression of (A) PFRO2, (B) PIRT1 and (C) PAHA2 genes in roots of 
the Felinem rootstock. The expression analysis was performed in cDNA from roots submitted to three 
treatments: [+Fe] (plants growing under control conditions in 90 μM Fe(III)- EDTA); Deficient [-Fe] (plants 
growing 5 days in absence of iron); and Inductor, [180 1d] and [180 2d] (plants growing in iron absence for 4 
days and resupplied with 180 μM Fe (III)-EDTA during 1 and 2 days). Values are mean of three replications. 
Statistical Student´s t test revealed significant differences p≤0.01 (**) compared with control. The statistical 
analysis were performed using SPSS 17.0 (SPSS, Inc, Chicago USA). 
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Fig. 5: Time course of the relative expression of (A) PFRO2, (B) PIRT1 and (C) PAHA2 genes in roots of 
the P 2175 rootstock. The expression analysis was performed in cDNA from roots submitted to three 
treatments: [+Fe] (plants growing under control conditions in 90 μM Fe (III)-EDTA); Deficient [-Fe] (plants 
growing 15, 16 and 17 days in absence of iron); and Inductor, [180 1d] and [180 2d] (plants growing in iron 
absence for 15 days and resupplied 180 μM Fe (III)-EDTA during 1 and 2 days). Values are mean of three 
replications. Statistical Student´s t test revealed significant differences at p≤0.05 (*) and p≤0.01 (**) 
compared with control. The statistical analysis were performed using SPSS 17.0 (SPSS, Inc, Chicago USA). 
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